INTRODUCTION
============

The transcription apparatus in eukaryotes shares several generic features with the functionally equivalent systems in the two prokaryotic super-kingdoms, the archaea and the bacteria. In both prokaryotes and eukaryotes, the component of the transcriptional machinery can be categorized into three major components: (i) the RNA polymerase complex and associated protein complexes required for initiation and elongation of the transcript. (ii) The basal transcription factors (TFs) that bind the core promoter of a gene and are required for the baseline expression of any gene. (iii) The specific TFs that bind various regulatory elements distinct from the core promoter element, and either activate or repress the transcription of the gene ([@b1]). In all the three super-kingdoms of life, the core RNA polymerase subunits are orthologous, although their domain architectures and accessory complexes might show considerable variability ([@b2]--[@b4]). The archaeal and eukaryotic super-kingdoms share the majority of their core basal TFs, such as TBP, TFIIB, TFIIE and MBF1, as opposed to the bacteria that possess distinctive basal TFs in the form of the sigma factors ([@b5]--[@b10]). However, in terms of specific TFs the archaea and bacteria are closer to each other ([@b9],[@b11]).

The majority of specific TFs from bacteria and archaea possess versions of the helix--turn--helix (HTH) DNA binding domain that are more closely related to each other than to HTH domains of eukaryotic specific TFs ([@b11],[@b12]). In contrast, the eukaryotes are very distinct in terms of the domain composition and the evolutionary affinities of their specific TFs. While certain distinctive versions of the HTH domain, such as the homeo, Forkhead (Fkh), Bright (ARID), the MYB, PSQ and paired domains, are prevalent in the eukaryotes, they possess numerous other highly expanded families of TFs with DNA binding domains unrelated to the HTH domain ([@b12]). The families include various Zinc-chelating families, such as the C2H2 Zn-finger and the fungus-specific C6 Zn-finger, various versions of the treble-clef fold, helical domains, such as the HMG, bZip and bHLH domains and other more complex folds, such as the VP1, AP2, GCM, TIG and cytochrome F fold domains ([@b13]--[@b17]).

Comparative genomic analysis of eukaryotic TFs has revealed that the major families of TFs in eukaryotic genomes have emerged principally through the process of lineage-specific expansions ([@b15],[@b18],[@b19]). As a result of this, the major lineages of the eukaryotic crown group may not even share a DNA binding domain in their most prevalent TF families. For example, the most prevalent TFs in fungi contain the C6 binuclear Zn-finger, whereas this Zn-finger is completely absent in the plants and animals, which instead have their own unique TFs, like those with the VP1 domain and the nuclear hormone receptor Zn-finger domains, respectively ([@b15],[@b18],[@b19]). However, the chromatin level regulatory apparatus comprising diverse families of chromosomal proteins is strongly conserved across the crown group eukaryotes ([@b15],[@b20],[@b21]).

Previous studies on eukaryotic lineages, such as the Apicomplexa and the Diplomonads, that branch outside of the crown group showed a surprising dearth of detectable specific TFs in their proteomes, despite the presence of the expected set of basal TFs ([@b22],[@b23]). Detailed analysis of the apicomplexan genomes of *Plasmodium falciparum* and *Cryptosporidium parvum* showed that they entirely lacked conserved DNA binding domains of specific TFs found across the eukaryotic crown group, such as the homeo, bZip, bHLH and Fkh domains ([@b22]--[@b24]). Very rare representatives of certain other families, which are common in the crown group, such as the C2H2 Zn-finger and E2F domains, were detected in these apicomplexans ([@b22],[@b23]). The ratio of the total number of genes in the genome to the total number of TFs in free-living yeasts is in the range of 25--30 ([@b18],[@b23]). Even though the parasitic apicomplexans possessed gene counts comparable with the free-living yeasts, the ratio of the number of genes to the total number of detectable TFs was in the range of 350--800 ([@b23]).

While a part of this discrepancy could be explained on the basis of the parasitic lifestyle of the apicomplexans, which probably does not require much intricate regulation relative to the homeostatic challenges faced by free-living organisms, it is paradoxical with respect to other observations. First, the apicomplexans possess an extensive complement of structural and regulatory chromosomal proteins, and cytoplasmic signaling proteins, such as kinases and GTPases, that are found comparable in numbers to the crown group eukaryotes ([@b22],[@b23]). Second, they show a complex developmental cycle within their hosts, which would suggest the requirement for transcriptional regulation, and consistent with this gene expression studies have revealed an intricate developmentally regulated cascade of expression ([@b25],[@b26]). The possible solutions (which are not mutually exclusive) for this paradox are: (i) there are undetected specific TFs that are only distantly related or unrelated to previously known DNA binding domains. (ii) There are alternative regulatory mechanisms that do not depend on TFs, such as chromatin level regulation and post-transcription regulation by non-coding RNAs.

To understand these possibilities, we conducted a systematic analysis of the predicted apicomplexan nuclear proteins. As a result, we report the discovery of a novel family of apicomplexan DNA binding proteins with a specific version of the AP2-intregrase type domains. This finding provides the first serious candidates for the principal specific TFs of the apicomplexans and helps in resolving the above-stated paradox. Furthermore, the analysis of the apicomplexan members of the AP2-intregrase DNA binding domains ([@b27]--[@b29]) provides a glimpse of the complex evolutionary history of this superfamily and reinforces the general concept of repeated origins of TFs from selfish mobile elements.

MATERIALS AND METHODS
=====================

The non-redundant (NR) database of protein sequences (National Center for Biotechnology Information, NIH, Bethesda, MD) was searched using the BLASTP program ([@b30]). Iterative database searches were conducted using the PSI-BLAST program with either a single sequence or an alignment used as the query, with the PSSM inclusion expectation (*E*)-value threshold of 0.01 (unless specified otherwise); the searches were iterated until convergence. Hidden Markov models (HMMs) were built from alignments using the hmmbuild program and searches carried out using the hmmsearch program from the HMMer package ([@b31]). For all searches with compositionally biased proteins, the statistical correction for this bias was employed ([@b32]). Entropy analysis of proteins was carried out using the SEG program ([@b33]). Multiple alignments were constructed using the T_Coffee and MUSCLE programs, followed by manual correction based on the PSI-BLAST results ([@b34],[@b35]). Similarity-based clustering of proteins was carried out using the BLASTCLUST program (<ftp://ftp.ncbi.nih.gov/blast/documents/README.bcl>). All large-scale sequence and structure analyses procedures were carried out using the TASS package (L. Aravind, V. Anantharaman, S. Balaji and L. M. Iyer, unpublished data), which operates similar to the SEALS package.

Protein secondary structure was predicted by using a multiple alignment to generate a HMM and PSSM, which were then used by the JPRED program to produce a final structural prediction with 72% or great accuracy ([@b36],[@b37]). Protein structure manipulations were performed using the Swiss-PDB viewer program ([@b38]) and the ribbon diagrams were constructed using the PYMOL program ([@b39]). For structural searches of the PDB database the DALI and SSM programs were used ([@b40]--[@b42]). The studies on clustering-based DALI *Z*-scores have suggested that *Z*-scores \>10 are characteristic of obvious relationships, such as those between two closely related proteins of the same family. Between *Z*-scores 10 and 6, typically, the relationships correspond to more distant relationships that might be recovered through sequence profile analysis and searches using HMMs. *Z*-scores \<3 fall in the realm of remote structural relationships and require additional analysis, such as comparisons of topologies to make further inference regarding these relationships ([@b40],[@b41]).

Phylogenetic analysis was carried out using the neighbor-joining and minimum evolution (least squares) methods using the MEGA package ([@b43]).

Gene expression data for the complete 48 h intraerythrocytic developmental cycle (IDC) was downloaded from <http://biology.plosjournals.org/archive/1545-7885/1/1/supinfo/10.1371_journal.pbio.0000005.sd002.txt>.

Missing data points, which were few in proportion compared with the experimentally measured data, were estimated using KNNImpute ([@b44]). Genes were clustered into groups based on their expression pattern using the *k*-means clustering procedure, at various *k*-values, available in the cluster program ([@b45]). The expression profile for the clustered genes was visualized using the program matrix2png ([@b46]). Correlation coefficients between the expression profiles of the ApiAP2 genes and the other genes were calculated using custom-written perl scripts.

RESULTS AND DISCUSSION
======================

Identification of an apicomplexan family of the AP2-integrase DNA binding domains
---------------------------------------------------------------------------------

In order to gain a reliable estimate of the counts of nuclear proteins in the *P.falciparum* proteome, we systematically analyzed all the predicted proteins for known DNA binding domains and motifs, such as those found in specific TFs and components of the chromatin remodeling machinery, using previously made PSSMs and HMMs. As previously reported, most of these searches did not recover any candidates for specific TFs, such as Homeo, Forkhead, bZip, bHLH and MADS domains, which are commonly encountered in crown group eukaryotes ([@b22],[@b23]). The protein PF14_0633 (GenBank gi: [23509855](23509855)) was noted to contain a small DNA binding motif, the AT-hook (residues 36--46), which is found in numerous chromosomal proteins ([@b47]). As the AT-hook is often found linked to several other larger globular DNA binding domains in the same polypeptide, we analyzed PF14_0633 with the SEG program to identify potential globular domains ([@b33]). A prominent globular region of ∼60 amino acids was predicted immediately C-terminal to the AT-hook module (region 63--123), and BLAST searches of the NR protein database (NCBI) with this segment showed that it was conserved across diverse species of the genus *Plasmodium*, and also in the other apicomplexan genera *Theileria* and *Cryptosporidium*. Further iterative PSI-BLAST searches with this globular segment as a seed recovered numerous (\>15 unique proteins) statistically significant hits (*E* \< 0.01) that encompassed the entire length of the query from each of the species of *Plasmodium*, *Theileria* and *Cryptosporidium*. For example, regions showing sequence similarity to PF14_0633 were recovered in *Plasmodium* MAL6P1.287 with *e* = 10^−7^ in iteration 4, in *Theileria* TA08375 with *e* = 10^−4^ in iteration 3 and in *Cryptosporidium* cgd6_1140/Chro.60146 with *e* = 10^−4^ in iteration 6. This suggested that the globular segment was likely to represent a globular domain of case study ∼55--65 amino acids that has undergone a lineage-specific expansion in Apicomplexa.

To further explore the evolutionary affinities of these domains, we constructed a position-specific score matrix that included all the significant hits from apicomplexans and used it to iteratively search the NR database with the PSI-BLAST program. These searches recovered significant hits to a variety of proteins from plants and mobile DNA elements, such as the floral homeotic protein Q from *Triticum* (*e* = 2 × 10^−3^) and 49L, an endonuclease of the EndoVII fold (also called HNH-type endonucleases) from *Xanthomonas oryzae* phage Xp10 (*e* = 1.5 × 10^−3^). In these proteins, the PSI-BLAST HSPs mapped completely to the AP2 DNA binding domain, which is found in plant developmental TFs, fused to several bacterial EndoVII fold endonucleases and integrases, such as the tn916 integrase ([@b27]--[@b29]). To test this potential relationship further, we initiated reciprocal searches from different AP2 domains and were able to recover members of the above-detected group of apicomplexan proteins with significant *e*-values. For example, the protein DP2593 from the bacterium, *Desulfotalea psychrophila*, with two AP2 domains, recovers the *Plasmodium* protein MAL6P1.287 with *e* = 10^−4^ (iteration 2) and the *Cryptosporidium* protein cgd6_1140/Chro.60146 with *e* = 10^−8^ (iteration 5). A multiple alignment of all the above-detected versions of the conserved globular domain from apicomplexans was prepared and used to predict the secondary structure of the domain using the JPRED and PHD programs. The predicted secondary structures for the apicomplexan proteins showed a conserved core of three consecutive strands and a C-terminal helix, which is congruent with the (sequence of) secondary structures of AP2-integrase DNA binding domains (AP2-IDBDs) ([Figure 1](#fig1){ref-type="fig"}). Furthermore, a HMM prepared from this multiple alignment was used to search the *Arabidopsis* proteome, and it recovered several hits to the AP2 domains (*e* = 10^−2^--10^−3^). Taken together, these observations suggested that the conserved globular domain found in PF14_0633 and its numerous apicomplexan homologs defines a novel family of the AP2-integrase DNA binding domain superfamily, which we hereinafter term the ApiAP2 family.

Characterization of the sequence and structure specializations of the ApiAP2 superfamily
----------------------------------------------------------------------------------------

To investigate the sequence and structure features of the ApiAP2 family, we compared the conservation patterns derived from 211 ApiAp2 domains from *Plasmodium*, *Theileria* and *Cryptosporidium* with those derived from multiple alignments of the plant AP2 proteins, those associated with EndoVII fold nucleases and other bacterial families (see below). These conservation patterns were also superimposed onto the NMR structure of the AP2 domain of the *Arabidopsis* ethylene response TF (ATERF1, PDB: 1GCC) ([@b48]) to understand their structural implications. There are 12 residues that show a strong conservation in at least 241 representatives of the 285 AP2 domains from the test-set that included diverse representatives of all the above classes, in addition to the ApiAP2 domains ([Figure 1](#fig1){ref-type="fig"}). This conservation pattern mainly corresponds to the residues that form key stabilizing hydrophobic interactions and determine the path of the backbone in the three strands and the helix of the AP2 domain ([Figure 1](#fig1){ref-type="fig"}), suggesting that the core fold of the ApiAP2 proteins would be identical to the plant, viral and bacterial AP2 domains. However, the ApiAP2 proteins have a relatively long insert between the strands 2 and 3 ([Figure 1](#fig1){ref-type="fig"}), which is only seen in few other members of the AP2-intergrase fold, such as the second AP2 domain of the plant proteins typified by the *Arabidopsis* Wrinkled1 ([@b49],[@b50]), and a novel member of this fold that we detected in the PI-SceI homing endonuclease ([@b51]). The conservation pattern within this insert suggests that it is likely to form a hairpin, which sticks out of the core fold in the extended conformation, similar to what is observed in the structure of the PI-SceI domain of AP2-IDBD fold ([Figure 2](#fig2){ref-type="fig"}).

Both the plant AP2 domains and those associated with the nuclease domains of the EndoVII fold have been shown to bind GC-rich sequences ([@b28],[@b48],[@b52],[@b53]). In particular, forms like ATERF1 bind copies of the GCC-box motif (e.g. GCCGCC used in the ATERF1--DNA complex, whose structure was solved) ([@b48]). A total of 11 residues involved in making contacts with DNA were identified using the ATERF1 NMR structure, and the conservation and relevance of the contacts for sequence specificity were assessed with respect to the ApiAP2 domains ([Table 1](#tbl1){ref-type="table"} and [Figure 3](#fig3){ref-type="fig"}). Of these 11 residues, 7 residues (R150, R152, W154, E160, R162, R170 and W172 in the ATERF AP2 domains structure) form contacts with the bases in the GCC boxes, while the rest of the residues are involved in backbone contacts and non-specific interactions. The average pairwise distance within the ApiAP2 family is much greater than the average pairwise distance within the plant AP2 domain family \[2.6 versus 1.2; measured using the JTT score matrix ([@b54])\]. Accordingly, the majority of plant AP2 domains conserve the DNA-contacting residues seen in ATERF1, whereas there is considerably higher variability within the ApiAP2 family, suggesting a greater diversity in their binding sites.

In the ApiAP2 family, the positions corresponding to E160 and W172 are respectively occupied, most frequently, by polar amino acids with an oxygen in the side-chain and an aromatic residue ([Figure 1](#fig1){ref-type="fig"}). Thus, these positions largely retain a similar character in both the families of AP2 domains and are unlikely to contribute significantly to differential sequence specificity. However, the arginine at the end of strand 1 (position corresponding to R152 in the ATERF1 structure), which is critical for the recognition of guanine in one of the GCC boxes in the plant proteins ([Table 1](#tbl1){ref-type="table"} and [Figure 3](#fig3){ref-type="fig"}), is replaced by a D or N in the majority of ApiAP2 proteins. This R interacts with the guanines via interactions with the oxo-groups and a D or N at this position would be more conducive for interaction with the amino groups of adenine. Similarly, the R in the middle of strand 1 (corresponding to position R150 in the ATERF1 structure), which is also critical for recognizing one of the guanines in same GCC-box as that recognized by R152 ([Figure 3](#fig3){ref-type="fig"}), is quite frequently replaced by a tyrosine or serine in the ApiAP2 family ([Figure 1](#fig1){ref-type="fig"}). A Y or S in this position is again unlikely to favor specific interactions with guanine and might actually favor an interaction with the amino group of adenine. These observations would indicate that at least a subset of the ApiAP2 proteins is likely to bind AT-containing target sequences. The ApiAP2-specific loop between strands 2 and 3 contains ∼2--3 positively charged residues within 6--10 residues ([Figure 1](#fig1){ref-type="fig"}). Extrapolating on the basis of PI-SceI and ATERF1 DNA binding domains of AP2-IDBD fold, we suggest that this insert is likely to lie along the backbone of the DNA, with the positively charged residues forming multiple contacts with the phosphates. Thus, this insert is likely to play an important role in determining the affinity of the ApiAP2 domains. A search for GCC or other G and C containing oligonucleotides using Alignace ([@b55]) did not uncover any such motifs upstream of most of the genes in *P.falciparum*. Furthermore, a systematic search using a sliding window approach to identify local zones of GC richness in the intergenic regions potentially upstream of basal promoters failed to reveal any consistent patterns. The intergenic regions of the many apicomplexans, in particular the genus *Plasmodium*, are extremely AT-rich. These observations are consistent with non-GC-rich binding sites for many of the ApiAP2 proteins. In the absence of further experimental data, the extraordinary AT richness of *P.falciparum* intergenic regions makes it difficult to identify candidate binding sites for these ApiAP2 proteins by using a combination of motif searches and co-expression profiles.

Comparative genomics and domain architectures of ApiAP2 proteins
----------------------------------------------------------------

We systematically searched for copies of the ApiAP2 domains in the previously published apicomplexan genomes using PSI-BLAST PSSMs and HMMs. We detected between 35 and 43 copies of domain in *P.falciparum*, *Plasmodium chabaudi*, *Plasmodium yoelii* and *Plasmodium berghei*, 25 copies in *Theileria annulata*, and 25--30 copies in *C.parvum* and *Cryptosporidium hominis*. We used single linkage clustering with the BLASTCLUST program and neighbor-joining with the MEGA program ([@b43]) to classify the ApiAP2 domains into orthologous groups. As a result, we obtained 40 reliable orthologous groups of ApiAP2 domains with at least one representative from any three of the four species in the *Plasmodium* genus (data not shown; see Supplementary Material). This observation taken together with the presence of 43 copies of the ApiAP2 domain in *P.falciparum* (the best annotated of the *Plasmodium* species) suggests that the discrepancy in counts in the different species is likely to be consequence of lower quality of sequence data and assembly in the other three species. Similarly, the difference between two *Cryptosporidium* species appears to be a consequence of the lower quality of the *C.hominis* genome sequence. The copies of the ApiAP2 domains were traced to ∼27 different proteins in *Plasmodium*, 21 in *Theileria* and 19 in *Cryptosporidium*, each containing one to four repeats of the ApiAP2 domain ([Figure 4](#fig4){ref-type="fig"}). An analysis of chromosomal distribution of the ApiAP2 genes shows that they are not clustered on any particular chromosome or chromosomal regions, unlike genes for several cell surface protein families in Apicomplexa ([@b22]). An examination of the orthologous clusters of the ApiAP2 domains shows that 16 of them from at least 15 distinct proteins are shared by *Theileria* and *Plasmodium*, whereas 11 of them from at least 9 distinct proteins are shared by *Cryptosporidium* and *Plasmodium*. Given that *Cryptosporidium* and *Plasmodium* represent a very early divergence within Apicomplexa ([@b56]), it is likely that the common ancestor of Apicomplexa already possessed at least nine members of the ApiAP2 family. The higher number of orthologous ApiAP2 domains shared by *Plasmodium* and *Theileria* supports a closer relationship between these two lineages within Apicomplexa. This is consistent with phylogenetic studies, which have suggested an apicomplexan crown group that includes the piroplasms (*Theileria*) and hemosporidians (*Plasmodium*) to the exclusion of the basal lineages, the gregarines and *Cryptosporidium* ([@b56]). Thus, starting from a core set of at least nine proteins inherited from the ancestral form, the ApiAP2 family appears to have proliferated further through independent duplications as the different apicomplexan lineages emerged.

In terms of domain architectures, the majority of members of the ApiAP2 family contain a single AP2 domain, which is often the only globular domain in the entire protein. Furthermore, ApiAP2 proteins with 2--4 AP2 domains are also encountered in all the apicomplexan genomes ([Figure 4](#fig4){ref-type="fig"}). The AT-hook is the only other DNA binding motif that is found in association with the AP2 domain in a few apicomplexan proteins ([Figure 4](#fig4){ref-type="fig"}) and is consistent with the similar combination of the AT-hooks with other globular DNA binding domains ([@b47]). In this respect, the ApiAP2 family is similar to the plant TFs of the AP2 family, which also always contains single or duplicated AP2 domains as the principal globular domain/s in the protein. Outside of apicomplexans and plants, similar duplicate AP2 domain proteins are encountered only in a small family of bacterial proteins typified by the DP2593 from *D.psychrophila* ([Figure 4](#fig4){ref-type="fig"}). All the other AP2 domains from bacteria, viruses and mobile DNA elements contain a fusion of the AP2 domain with the EndoVII nuclease, at least two distinct members of lambda integrase superfamily (namely the phage lambda integrase proper and the tn916-type integrases, which are closer to the XerC/D recombinases) and one to two copies of a novel cysteine-rich domain with five conserved cysteines (e.g. lmo2276) ([Figure 4](#fig4){ref-type="fig"}). These distinctive domain architectural themes lend support to the idea that members of the ApiAP2 family are specific TFs of the apicomplexans, rather than integrases of mobile DNA elements.

Gene expression patterns and the potential role for the ApiAp2 family in regulating life-cycle progression in apicomplexans
---------------------------------------------------------------------------------------------------------------------------

In order to further understand the biological functions of the ApiAp2 proteins, especially in the context of the complex life-cycles of the apicomplexan parasites, we exploited the high-throughput gene expression data obtained for the asexual IDC of *P.falciparum* ([@b26]). This and other studies have shown that the gene expression in the IDC of *P.falciparum* occurs in a continuous cascade with the induction of most genes occurring just once in the cycle, only at the time when their products are required ([@b25],[@b26]). We found that 22 of the 26 genes encoding ApiAP2 proteins in *P.falciparum* were expressed in different stages of the IDC. Many genes were represented by more than one sequence tag that showed temporally consistent expression patterns, suggesting that the underlying expression data were sufficiently robust to make conclusions about stage-specific gene expression. In order to get a better picture of the stage-specific expression of the ApiAP2 genes, we clustered the genes based on their expression patterns using *K*-means clustering with pairwise Euclidean distance metric at various values of *K*. At *K* = 5, this procedure gave rise to four major clusters, each with 4--6 distinct ApiAP2 genes, that approximately corresponded to four major developmental stages, such as the ring stage, the trophozoite, early schizonts and the late schizont--merozoite stage ([Figure 5](#fig5){ref-type="fig"}). This indicates that different ApiAP2 genes may indeed function in specific developmental stages, and this observation is again consistent with their being specific TFs. The fifth cluster, however, contains only two genes that show anomalous expression patterns. These two genes showed apparent elevated expression in two discontinuous developmental stages. However, it is currently not clear if this biphasic expression is a genuine signal or not. The remaining ApiAP2 genes of *P.falciparum*, which were not detected in the IDC expression profiles, are probably uniquely utilized for other stages, such as intra-hepatocytic and sexual development, or in the insect vector. However, due to the absence of comparable expression data for these stages, we were unable to verify this possibility.

The striking differential expression of the ApiAP2 genes in specific developmental stages strongly suggests that they could mediate transcriptional regulation of stage specific genes. Within each stage-specific guild, individual ApiAP2 genes show further slight temporal differences in their expression patterns. This suggests that even within a given developmental stage a more complex combinatorial interplay between different specific TFs of the ApiAp2 family could set up expression patterns of particular genes. A comparison of the expression patterns of members of the ApiAP2 family with that of the rest of the genes might provide hints regarding the genes whose expression they might regulate. In particular, those genes showing strongly correlated expression (either positive or negative) with a particular guild of ApiAP2 genes might be regulated and maintained in that expression state by the products of that guild. The *K*-means clustering of all other genes (excluding the ApiAP2 genes) with *K* = 5 resulted in the detection of four major clusters correlating well with the four major expression classes of the ApiAP2 genes and the four developmental stages. A comparison of these expression profiles with the ApiAP2 genes might help in narrowing the potential target genes for the *P.falciparum* ApiAP2 genes (see Supplementary Material). Interestingly, nine of ApiAP2 genes expressed in the IDC of *P.falciparum* have potential orthologs in *Cryptosporidium*, and they are found in expression guilds corresponding to each of the IDC stages. Although the intracellular life-cycles of the two parasites show many specific differences, they follow an overall similar pattern of developmental progression that is also observed in other apicomplexans. If the orthologous ApiAP2 genes shared by *P.falciparum* and *Cryptosporidium* show generally similar expression patterns, then it is likely that their products regulate some of the common aspects of apicomplexan development. In contrast, the lineage-specific members would be expected to contribute to the taxon-specific diversity in gene expression.

The ApiAP2 domains and the evolutionary radiation of the AP2-IDBDs in prokaryotes and eukaryotes
------------------------------------------------------------------------------------------------

Previous studies based on sequence analysis had identified two major families of AP2 domains, such as the plant TF family and the EndoVII fold (HNH) homing endonuclease-associated family ([@b27]--[@b29]). Structure comparisons had also identified two more closely related families, such as those associated with the catalytic domains of the lambda-type integrases and the tn916-type integrases (see SCOP database). Our sequence profile searches identified three new families namely the ApiAP2 family, and two bacterial families typified by the DP2593 (with two AP2 domains) and lmo2276 (fused to a Zn-chelating domain with five conserved cysteines) proteins. To identify other more divergent representatives, we conducted structural similarity searches using the DALI and SSM program. The AP2-IDBDs have a simple topology, and topologically equivalent units are found as sub-structures in larger domains (e.g. the RNAse H domain). Hence, we filtered our hits by performing reciprocal searches with each of the hits, and only considering those cases where the three-strand-helix unit formed a self-contained module or a distinct domain. One previously un-recognized AP2-IDBD identified in these searches was the DNA binding domain of the intein-associated homing endonuclease PI-SceI ([Figure 2](#fig2){ref-type="fig"}). This domain (corresponding to region 82--150 in PDB: 1lwt) occurs at the N-terminus of the two tandem homing endonuclease domains, which are unrelated to the EndoVII fold (HNH) endonucleases, and contacts DNA in manner very similar to the plant AP2 domains. Thus, the PI-SceI DNA binding domain represents the fourth independent instance in which AP2 domains are associated with a distinct endonuclease domain.

Another more intriguing hit, which was consistently recovered, was to C-terminal module of domains with the PH-like fold. The PH-like fold includes a variety of eukaryote-specific domains, such as the PTB, PH, Ran-binding and EVH1 domains that are involved in a very diverse range of biochemical roles, such as protein--protein interactions, DNA repair, mRNA de-capping and lipid-binding ([@b57]--[@b61]). The PH-like fold is a composite fold ([@b62]) with an N-terminal four-strand module closely related to the monomeric four-stranded units of β-propeller proteins ([@b63]) and a C-terminal three-strand-helix unit, which we found to be specifically related to the AP2-IDBD fold ([Figure 2](#fig2){ref-type="fig"}). The PH-fold is widely utilized across the eukaryotes, but is currently not observed in the bacteria or archaea ([@b58]). As the PH-like fold is absent in the prokaryotes, unlike the β-propeller and the stand-alone AP2-IDBD folds, it appears to be a late innovation in evolution that occurred only after the primal eukaryote had emerged. Given that the PH-like fold is a fairly complex fold with no equivalents elsewhere, its innovation in the eukaryotes is likely to have occurred via the combination of two pre-existing modules, such as a monomeric unit of the β-propeller and a domain of the AP2-IDBD fold.

Other than the C-terminal module of the PH-like fold, most other members of the AP2-IDBD fold show rather sporadic phyletic distributions. Their multiple associations with mobile DNA elements suggests that they originally emerged as a DNA binding domain of an integrase/homing endonuclease and appear to have combined on multiple occasions with evolutionarily distinct classes of endonuclease modules in different mobile elements. From such a precursor they appear to have invaded the nuclear genome of eukaryotes, where the AP2-IDBD acquired new functions. At least two distinct invasions appear to have occurred---an early one, which probably gave rise to the C-terminal module of the PH-like fold and a late one, which gave rise to the plant TF family. On a number of occasions the HTH domains of transposases appear to have given rise to TFs, such as those with Paired, PSQ, and CENBP DNA binding domains ([@b12],[@b64]--[@b66]). The BED finger domain, which is found in certain animal and plant TFs has been shown to be derived from the DNA recognition modules of activator-element type transposons ([@b67]). Similarly, the β-barrel DNA binding domain of the other major group of plant specific transcription factors, the VP1 TFs, appears to have been derived from the DNA binding domain of certain mobile restriction endonucleases ([@b68]). This suggests that the recruitment of DNA binding domains of transposases or integrases as TFs appears to be a recurrent theme in evolution.

This leads to a question as to whether the ApiAP2 family of AP2-IDBDs represents an independent acquisition from a mobile DNA element. The small size of the AP2 domain does not provide sufficient information to address this problem by means of conventional phylogenetic analysis. Although, as mentioned above, the domain architectures of the ApiAP2 family are reminiscent of the plant AP2 proteins, there are no specific sequence or predicted structure features that link these two groups to exclusion of other families. Moreover, the sequence conservation patterns make it clear that the expansions of the AP2 domains in the plant and apicomplexan clades are independent lineage-specific events. However, it is known that the apicomplexans are a chimeric lineage that has acquired a number of genes from a secondary endosymbiont of the primary plant lineage (including chlorophytes, rhodophytes and glaucocystophytes) ([@b69]), which gave rise to their apicoplast organelle ([@b22],[@b23],[@b70]). Hence, the most parsimonious explanation would be that the ApiAP2 family was derived from a plant AP2-like protein transferred from the rhodophyte, which was the apicoplast progenitor. This hypothesis can be tested with the availability of more sequence information from other sisters groups of the apicomplexans, such as the dinoflagellates, and early branching plant lineages, such as rhodophytes. Alternatively, given the distinctness of the ApiAP2 family it is possible that they were independently acquired from a bacterium or transposable element, similar to the TIE elements observed in ciliates ([@b29]).

CONCLUSIONS
===========

Previous comparative genomics analyses had suggested an unexpected dearth of specific TFs in the apicomplexans, despite the presence of comparable number of genes and other signaling pathways as in unicellular free-living eukaryotes. Using sensitive sequence profile analysis methods, we show that the apicomplexans possess a large lineage-specific family of DNA binding proteins, the ApiAP2 family, with one or more copies of AP2 domain. By analogy to the plant TFs with the AP2 domain, we propose that these apicomplexan proteins are likely to function as the specific TFs in this lineage. This finding considerably reduces the ratio of genes to specific TFs in Apicomplexa compared with previous reports. While it is still lower than those seen in yeasts and other free-living eukaryotes with comparable genome sizes, it provides major candidates for understanding conventional specific transcription in Apicomplexa. It is possible that some other TFs specific to Apicomplexa remain undetected. Our searches of the proteome with sensitive profiles for DNA binding domains, and an examination of the multigene families fails to reveal any additional candidates. An analysis of the expression patterns of ApiAP2 genes during *P.falciparum* intraerythrocytic development suggests that different guilds of these TFs are specifically expressed in four major temporal phases corresponding to the ring, trophozoite, early schizont and late schizont--merozoite stages of development. This suggests that they might specifically regulate the expression of developmental stage specific target genes and maintain the progression of the development procession. We show that the domains of the AP2-IDBD have associated with different endonucleases domains on multiple occasions in evolution and appear to have contributed the primary TFs in both plants and apicomplexans through lineage-specific expansions. We also provide evidence that the PH-like fold appears to have emerged early in the eukaryotic lineage through the fusion of a β-propeller-like monomeric unit with a domain of the AP2-IDBD fold.

We hope that the findings presented here will spur future experimental investigations of the ApiAP2 family, which are likely to provide leads into hitherto unexpected aspects of apicomplexan transcriptional regulation.
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###### 

Alignment of AP2 domains. Proteins are denoted by their gene names, species abbreviations and GenBank identifier (gi) numbers. The number of AP2 domains in a polypeptide is shown to the right of the alignment. Residues involved in contacting DNA in the solution structure of the AP2 domain (pdb id: 1GCC) are shown below the alignment. The secondary structure was derived from the solution structure of the AP2 domain (PDB ID: 1GCC). E represents a β strand; H, helix. The coloring reflects the conservation profile at 80% consensus. The coloring scheme and consensus abbreviations are as follows: h, hydrophobic (h: ACFILMVWY) and a, aromatic (a: FWY) residues shaded yellow; b, big (LIYERFQKMW) residues shaded gray, s, small (AGSVCDN) residues colored green; and p, polar (STEDKRNQHC) residues colored magenta. Species abbreviations are as follows: APMV: Acanthamoeba polyphaga mimivirus; Atha: *A.thaliana*; Atum: *Agrobacterium tumefaciens*; BP01: Bacteriophage Felix 01; BPCorn: Mycobacteriophage Corndog; BPHK022: Enterobacteria phage HK022; BPRB49: Enterobacteria phage RB49; BPST3: *Streptococcus thermophilus* bacteriophage ST3; BPT1: Enterobacteria phage T1; BPT5: Bacteriophage T5; BPT7: Enterobacteria phage T7; BPXp10: *X.oryzae* bacteriophage Xp10; BPphig1e: Bacteriophage phig1e; Caur: *Chloroflexus aurantiacus*; Chom: *Cryptosporidium hominis*; Cpar: *C.parvum*; Dpsy: *D.psychrophila*; Ecol: *Escherichia coli*; Efae: *Enterococcus faecalis*; Ghir: *Gossypium hirsutum*; Lesc: *Lycopersicon esculentum*; Lmon: *Listeria monocytogenes*; Lpla: *Lactobacillus plantarum*; Nsyl: *Nicotiana sylvestris*; Pfa: *Plasmodium falciparum*; Rbal: *Rhodopirellula baltica*; Spyo: *Streptococcus pyogenes*; Taes: *Triticum aestivum*; *Theileria annulata*; Tery: *Trichodesmium erythraeum*; Tfus: *Thermobifida fusca*; Tthe: *Tetrahymena thermophila*; Vvul: *Vibrio vulnificus*.
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![Structures of different domains of the AP2-IDBD fold. Strands and helices of the AP2-IDBD fold are colored green and pink, respectively. PDB ids for the displayed structures as follows; 1gcc: GCC-box binding domain; 1bb8: tn916 integrase DNA binding domain; 1kjk: lambda integrase N-terminal domain; 1qqg: Insulin receptor substrate 1 (IRS-1); 1lwt: PI-SceI homing endonuclease DNA binding domain.](gki709f2){#fig2}

![DNA interactions of the AP2 domain. The solution structure of the *A.thaliana* GCC-box binding domain in complex with DNA (PDB Id: 1gcc) is shown. Strands are colored green and the helix is colored pink. Complementary DNA strands are labeled I and II and colored orange and yellow, respectively. The side-chains of DNA-contacting residues are displayed in the ball and stick format. Residues that interact with DNA bases are colored pink and those that predominantly interact with the DNA backbone are colored blue. Red arrows indicate positions that are well conserved in the ApiAP2 family (see [Figure 1](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"} for the equivalent residues in the ApiAP2 proteins).](gki709f3){#fig3}

![Domain architectures of AP2 domain proteins. Domains are represented by their standard notations. ATH represents the AT-hook. The protein naming scheme and species abbreviations are as in [Figure 1](#fig1){ref-type="fig"}.](gki709f4){#fig4}

![Expression patterns of AP2 proteins. Stage-specific expression of the ApiAp2 TFs and their potential target genes during the IDC. Microarray gene expression data were available for 46 timepoints as shown ([@b26]). Using *K*-means clustering, the predicted ApiAp2 TFs were grouped into five clusters. The first four clusters correspond to the four major developmental stages: (a) ring (b) trophozoite (c) early schizont and (d) schizont, whereas the fifth cluster (e) consists of genes that show the expression at two discontinuous developmental stages. Gene names for the ApiAp2 domain containing proteins are given by the sides, and an arrow next to the gene name indicates the presence of an ortholog in *Cryposporidium*. Note that there is at least one TF from each stage that has an ortholog in *Cryptosporidium*. The graphs on the right represent the average expression profile of non-ApiAp2 genes that show a high correlation in their expression profile with the ApiAp2 genes. The expression of such genes in a stage-specific manner suggests that these genes could be the potential targets for the predicted TFs.](gki709f5){#fig5}

###### 

Most frequent amino acids at DNA-contacting positions (numbered 1--11 and labeled according to 1gcc), according to their order of occurrence, deduced from the solution structure of GCC-box binding domain of ATERF1 (PDB ID 1gcc) and the comprehensive multiple alignment are shown

  Family                        1 R147             2 R150                   3 R152                 4 W154             5 K156             6 E160                  7 R162             8 R170       9 W172           10 T175            11 Y186
  ----------------------------- ------------------ ------------------------ ---------------------- ------------------ ------------------ ----------------------- ------------------ ------------ ---------------- ------------------ ------------------
  ApiAP2                        K 27               Y, R, S 24,15,13         D, N 53,14             Q, K, R 18,17,17   R, S, A 23,18,17   Q, E, Y, T 14,10,10,9   Y, K 20,17         K 45         Y, F 52,22       G 88               F, C 28,19
  Plant AP2 family              R {B} 80           R {G 20} 70              R {G 5,G 20,G 21} 65   W {T 3,A 4} 60     K, R {B} 55, 35    E {C 7} 65              R {G 17,G 18} 65   R {G 8} 75   W {G 5,C 6} 70   T {B} 70           Y {B} 80
  Bacterial/Viral AP2 domains   K, T, R 27,20,14   S, T, R, Y 27,13,10,10   N, D, H 17,15,15       T, R, S 23,19,13   K, R 44,23         R, Q, T 35,13,13        T, R 21,19         G, K 50,22   F 65             K, L, I 23,19,15   R, A, E 23,19,15

The protein--DNA contacts were identified by using the hydrogen-bond length (3.5 Å) and apolar interaction distance cut-off of 5 Å. The frequencies of occurrence of the amino acids, approximately to nearest integer percentage values, are given directly below the corresponding amino acid codes in each of the columns. Interacting bases and their nucleotide sequence numbers (as in 1gcc) are shown within curly brackets in each of the DNA-contacting positions for the plant protein sequences. The symbol 'B' within the brackets denotes interactions only to backbone phosphate groups.
